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In both developed and developing countries, low birth weight is the most important predictor for neonatal mortality and is a significant determinant of postneonatal mortality and morbidity (1, 2) . Birth weight represents an endpoint of intrauterine growth, which depends on maternal, placental, and fetal factors, as well as a sequence of constitutional and environmental influences (3) . An extensive list of risk factors for low birth weight has been reviewed (4, 5) , including maternal age, parity, prepregnancy weight, history of adverse pregnancy outcomes, low social class, and cigarette smoking.
Recent investigations on adverse pregnancy outcomes have paid special attention to occupational risk factors because a growing number of women work outside their homes and there is a concomitant sharp increase in the number of women who work during their pregnancies. Those risk factors examined include employment in certain industries (6, 2) ; maternal physical effort and posture (8) and prolonged standing (M); exposure to polychlorinated biphenyls (PCBs) (10) , noise (11) , lead (12) , and anesthesia gas (13) ; shift work (14, 15) ; and job stress (16) .
A large body of literature has documented both acute and chronic adverse health effects of air pollution. The health end points include mortality (17) (18) (19) , respiratory symptoms (20, 21) , pulmonary function (22, 23) , physician office visits (24) , and emergency room visits (25, 26) . However, air pollution is not usually considered a possible determinant of pregnancy outcomes. Recently, an ecological study in the Czech Republic (27) reported an association between infant mortality and total suspended particulates (TSP), and, to a lesser degree, sulfir dioxide (SO2). A cross-sectional study in China (7) found that the use of coal stoves for heating was significantly associated with low birth weight or preterm birth. Although the data cannot be used to either support or refute a causal inference between air pollution and adverse pregnancy outcomes, it did bring forward some associations that warrant further investigation. The purpose of this study was to examine the timing and intensity of exposure to TSP and SO2 during pregnancy and its association with birth weight in a wellcharacterized cohort, with control for confounding variables. From 1988 to 1991, all pregnant women living in the Dongcheng, Xicheng, Congwen, and Xuanwu areas of Beijing were registered in their local maternal health care center and followed from early pregnancy until delivery. Individual information on both mothers and infants was collected. Daily air pollution data were obtained independently. The analyses borrowed the strength of the time-series approach while offsetting major limitations in many previous time-series studies, i.e., lack of individual information and reliable denominators from which the cases were derived.
Methods
Study area. Dongcheng, Xicheng, Congwen, and Xuanwu are four adjacent residential areas in the center of Beijing (Fig. 1 (28) .
Statistical methods. In this analysis, the means of TSP and SO2 concentrations measured at the two monitors were used as daily air pollution levels. The daily measurements of the pollutants were highly correlated between the two monitors (Pearson correlation coefficients: 0.93 for TSP and 0.92 for SO2). To examine the relative importance of timing and magnitude of exposure to air pollution in relation to birth weight, the following exposure variables were constructed for TSP and SO2: 1) mean level of exposure from last menstrual period to delivery, which allows assessment of exposure level during the entire pregnancy; 2) mean level of exposure during each trimester of pregnancy, which allows assessment of the exposure level during the different gestational stages; and 3) the lagged moving average of exposure, i.e., 1, 2, 3, ... n weeks before birth, which allows assessment of exposure level at various proximities from delivery. These exposure variables were evaluated individually and jointly as predictors of birth weight.
In assessing the effects of air pollution on birth weight in a population, two important parameters need to be considered. First, does air pollution universally affect all the births, which can be measured by reduced mean birth weight? Second, does air pollution more likely affect births at the lower end, in which percentage of low birth weight may be a more sensitive indicator than mean birth weight? Thus, in this study, birth weight was modeled both as a binary indicator and as a continuous variable.
Gestational age is the most important determinant of birth weight (2-9). Smoothing plots using generalized additive modeling techniques (30, 31) were first produced to determine the functional relation between birth weight and gestational age. Consistent with a previous study (29) , our analysis (limited to 37-44 weeks of gestation) found the relationship between birth weight and gestational age to be nonlinear. Within this age range, a linear and a quadratic term of gestational age appear to fit the data well and thus are included in all the regression models.
Multiple logistic regression was performed to assess the effects of TSP and SO2 on the risk of low birth weight (<2,500 g), with adjustment for gestational age and indicators of season, residential area, maternal age (20-24, 25-29, 30+ years), and infant gender. Stratified analyses by residence, maternal age, season, year of birth, and infant sex were also performed to evaluate the consistency of the associations across strata.
Finally, multiple linear regression was used to estimate the effects of TSP and SO2 on birth weight. Because gestational age is the most important determinant of birth weight, it was controlled in the model to evaluate if the effects of air pollution on birth weight are through shorter gestation or slower intrauterine growth in addition to all other covariates.
Results
In this report, the sample for analysis included 74,671 first-parity single live births with gestational age between 37 and 44 weeks and with birth weight >1,000 g, who had complete records, and whose mothers were 20 years of age or older at the start of pregnancy. The characteristics of these births are summarized in Table 1 . The overall mean birth weight was 3,318 g [standard deviation (SD) = 428] and the rate of low birth weight (<2,500 g) was 2.9%. However, the mean birth weight and the rate of low birth weight varied by residence, season, maternal age, infant sex, and year of birth. It is noted that there is a trend of decreasing number of annual births. The possible reasons include a levels is the mean birth weight of all live births occuring in each corresponding month. There were clear seasonal patterns for both air pollution level and mean birth weight. The TSP and SO2 levels were highest around January and lowest around July. There was a crude inverse relationship between air pollution level and mean birth weight, i.e., high air pollution levels corresponded to reduced birth weight, and vice versa. A similar relationship was found between air pollution level and rate of low birth weight (data not shown).
The associations between air pollution and the risk of low birth weight were further evaluated by logistic regression models. To examine the relative importance of timing and magnitude of exposure to air pollution in relation to birth weight, the following exposure variables were considered for TSP and SO2: 1) mean level of exposure from last menstrual period to delivery, 2) mean level of exposure during each trimester of pregnancy, and 3) the lagged moving average of exposure, i.e., 1, 2, 3, ... n weeks before birth. These exposure variables were evaluated individually and jointly as predictors of low birth weight. The best-fitting models for low birth weight included the mean level of exposure to TSP and SO2 during the third trimester of pregnancy. After adjustment for the third trimester exposure, other exposure variables (exposure during the entire pregnancy and the lagged moving average) had little predictive value. There was a small negative association between exposures in the first and second trimester of pregnancy and risk of low birth weight, which was independent of the effect of the third trimester exposure. This finding will be elaborated in the discussion section.
The following analyses focused on the third trimester exposures. Two types of exposure variables in the third trimester of pregnancy were considered: the mean exposure from 25 to 36 weeks of gestation and the mean exposure from 25 weeks of gestation to delivery. The two variables were found to be equally good predictors of birth weight. The subsequent analysis used the mean exposure from 25 weeks of gestation to delivery.
As shown in Table 2 , the crude odds ratios of low birth weight increase with each quintile of SO2 and TSP exposure during the third trimester of pregnancy. The risk of low birth weight was significantly increased for those infants whose mothers had high levels of exposure (4th and 5th quintiles of TSP or SO2). The above estimates were not altered by control for residence, maternal age, year of birth, and infant sex ( Table 2 ).
The data suggest an exposure-response Volume 105, Number 5, May 1997 * Environmental Health PerspectivesArticles * Air pollution and low birth weight relationship between air pollution and low birth weight (Fig. 3) : the higher the TSP or SO2 levels, the higher the risk of low birth weight. A linear trend test of the association on the logistic scale was highly significant: odds ratios increased by a factor of 1.11 for each 100 pg/m3 increase in SO2 and 1.10 for TSP. The risk predicted by this model for an exposure of 300 pg/m3 in S02 is 1.113 = 1.37 and for an exposure of 600 pg/m3 in TSP is 1106 = 1.77. With further adjustment for season, the point estimates remain almost unchanged, but the CIs of the estimates become wider. For example, for each 100 pg/m3 increase in exposure, the odds ratio is 1.12 (CI, 1.03-1.22) for SO2 and 1.10 (CI, 1.01-1.20) for TSP, due to the colinearity between season and air pollution level. There is also a high degree of correlation between TSP and SO2 as shown in Figure 2 . Thus, it is difficult to determine whether one is a more important factor than the other.
Stratified logistic regression analyses by residence, season, maternal age, infant sex, and year of birth were performed ( Table   3 ). The overall trends of the associations of TSP and SO2 on birth weight were consistent across the strata; however, the magnitude of the effects varied. The effects of TSP and SO2 on birth weight were statistically significant in both summer and winter. Although the air pollution level was much higher in winter than in summer (Fig. 2) , the odds ratios for SO2 were greater in summer than in winter. The effects of SO2 and TSP on birth weight were smaller among younger (<25 years) and older mothers (>29 years), which may be attributable to sparse data at the two extreme ages. Some gender difference in the effects of TSP and SO2 was noticed, with the effects greater in males than in females.
The associations of air pollution with birth weight were evaluated by multiple linear regression. Again, the crude and the adjusted estimates were similar ( (Fig. 4,5) . The difference in birth weight distributions between low and high exposed groups was clear in the left tail; i.e., the higher the level of exposures, the higher the proportion of babies with birth weight <2,500 g. 11 (95% CI, 1.06-1.16 ) for each 100 pg/m3 increase in SO2 and 1.10 (95% CI, 1.05-1.14) for each 100 pg/m3 increase in TSP. The estimated reduction in birth weight was 7.3 g and 6.9 g for each 100 pg/m3 increase in SO2 and TSP, respectively. The associations were statistically significant in both winter and summer, although greater in summer. In addition, the birth weight distribution of the highexposure group was skewed more toward the left tail (i.e., with higher proportion of births <2,500 g) than that of the low-exposure group. The data suggest that those pregnancies at high risk for low birth weight may be particularly susceptible to the adverse effects of air pollution. In studying the association of air pollution with birth weight, investigators should pay special attention to the left tail of the birth weight distribution. All these analyses provide coherent evidence that air pollution may contribute to reduced birth weight and an excess risk of low birth weight in this population.
Several important points are worth mentioning. If we simply examine mean birth weight, the effects of air pollution were statistically significant but small in magnitude. In comparison, there have been numerous reports of the effects of maternal smoking on birth outcomes. Infants born to smoking mothers weigh on average 200 g less than infants of nonsmokers (33) . The magnitude of effects of maternal passive smoking is much smaller, and studies so far have yielded mixed results (33) . However, if we evaluate air pollution in relation to rates of low birth weight, its effects cannot be ignored. For example, with the lowest quintile of SO2 as the reference, the adjusted weighted relative risk of low birth weight from the logistic regression model (34) was 1.19 among women exposed to higher quintiles of S02' The attributable risk (the proportion of low birth weight in this sample that was attributable to air pollution) was 13%. This is among the largest attributable risks ever reported for the known risk factors of low birth weight. From the public health point of view, the impact of air pollution on birth weight is profound.
Fetal growth does not follow a uniform pattern. Rather, it represents different periods of growth spurts for different organs and anthropometric measurements (35) . Thus, the time, intensity, and duration of the negative factors affecting fetal growth will manifest themselves in differing patterns. Previous studies (35) indicate that the peak fetal length growth occurs first, around the 20th week of gestation, while peak weight growth occurs around 33
Articles -Air pollution and low birth weight weeks of gestation. It is estimated that by the 28th week, length has reached 71% of the mean length at term (41 weeks), while weight is only 32% of the full-term infant weight (36) . In other words, weight growth is predominantly a phenomenon of the third trimester. The present study found consistently that the mean level of maternal exposures to TSP and SO2 during the third trimester of pregnancy is the best predictor of reduced birth weight. Our findings also imply that the effects of air pollution on birth weight appear to be cumulative. We noticed a small negative association between exposures in the first and second trimesters of pregnancy and low birth weight. This negative relationship does not imply a protective effect of air pollution during early pregnancy; rather, it may be attributed to several possibilities. First, because of the distinct seasonal pattern of air pollution, the level of exposure in the first and second trimesters is almost always inversely associated with that of the third trimester. Second, the effects of air pollution on pregnancy outcomes may differ by the timing of exposure, i.e., early exposure may be more important for pregnancy end points such as spontaneous abortion and birth defects, which are not considered in this analysis. Third, this study is limited to full-term live births; thus, the birth weights of those fetuses who did not survive to term or were born prematurely are excluded from the analysis. However, those compromised fetuses may be disproportionately affected by air pollution during the first or second trimester of pregnancy.
Low birth weight may be attributed to preterm delivery or intrauterine growth retardation or a combination of both. Although preterm and intrauterine growthretarded infants can have similar birth weights, they are known to show differential neonatal and postneonatal features (37) , thereby suggesting differential etiology involved in the two conditions. This present analysis is limited to full-term live births for two reasons: first, to obtain complete exposure assessment for each trimester of pregnancy, and second, to assess the effect of air pollution in a more homogeneous sample. Because gestational age was included in all the models, the regression coefficients should be interpreted as the effects of air pollution on gestational agespecific birth weight. The data from our previous report (32) and present analyses appear to indicate that exposure to high levels of TSP and SO2 is associated with both reduced gestational age and gestational agespecific birth weight. It is possible that maternal exposure to air pollution during pregnancy may also affect other pregnancy -. "l|_ 1~~~E x p o s u r e t o S 0 2 Birth weight (g) Figure 5 . Birth weight distributions by tertiles of mean SO2 concentrations in the third trimester of pregnancy. Logarithm scale was used to emphasize the tail of the curve.
endpoints, including spontaneous abortion, fetal death, and preterm delivery. These endpoints may be more sensitive to exposure in early pregnancy and warrant consideration in future studies. The biological mechanisms whereby air pollution is associated with low birth weight remain to be determined. Respiratory health effects of inhaled pollutants depend on their depth of penetration, deposition, and retention in the lung, as well as on the subsequent biological responses induced by the deposited material (38) . In comparison, a mechanism for air pollution to affect birth weight is less straightforward. Fetal growth is influenced by maternal, placental, and fetal factors. Air pollution may affect maternal respiratory or general health, which may in turn impair uteroplacental and umbilical blood flow, transplacental glucose, and total insulin, the major determinants of fetal growth (39) . Besides SO2 and TSP, the major pollutants from coal combustion include carbon monoxide, carbon dioxide, and volatile organic compounds. These pollutants may be absorbed into the maternal bloodstream, cross the placental barrier, and have direct toxic effects on the fetus.
This study is limited in several respects. A number of factors that are known or suspected to affect birth weight, such as maternal nutrition and prepregnancy weight and weight gain (40) , cigarette smoking (41), history of adverse pregnancy outcomes (29) , and occupational exposures (6-16), could not be examined. However, because these factors are expected to be independent of daily air pollution levels, the estimated effects of air pollution are likely to be free of confounding by these factors. This is supported by our data in which the estimated effects of air pollution on birth weight were not significantly altered by the inclusion or exclusion of indicator variables for other risk factors in our model, including residence, season, year of birth, maternal age, and infant gender. Although maternal smoking is an important risk factor of low birth weight, the smoking prevalence in Chinese women is extremely low, especially in large cities. According to the 1984 national smoking survey, 93.6% of women aged 20-60 years were nonsmokers (42) . Thus, maternal smoking status should not be a significant confounder in this cohort.
Most studies on acute health effects of air pollution control for meteorological factors, including daily temperature and humidity. In this study, analyses were performed with and without adjustment for season for several reasons: 1) in this cohort birth weight represents an endpoint of 37-44 weeks of gestation, not an acute event; 2) there is well-documented seasonality of birth outcomes with unknown etiology; 3) Beijing has distinct winter and summer seasons in terms of temperature, humidity, and wind; and 4) season is also correlated with outdoor activities, household ventilation, types of foods available, etc. Adjustment for season, therefore, may also help to control for potential confounders that covary with season. Further adjustment for season did not significantly alter the results.
In this study, only outdoor TSP and SO2 levels were available; there was no simultaneous measurement of indoor air pollution. If indoor air pollution levels differed substantially from outdoor levels, lack of indoor air pollution control in the analysis of outdoor air pollution could diminish the power to detect the significance in effects because of potential measurement errors in individual exposures. However, according to our previous study (21) , the principal source of Articles -Wang et al. ambient pollution in this area is coal combustion for heating and cooking. Ninetyseven percent of households in the area use this fuel; therefore, one can expect a high correlation between indoor and outdoor TSP and SO2 levels. The correlation between indoor and outdoor pollutants is expected to be higher in summer, when almost all doors and windows are kept open, than in winter, when all the doors and windows are tightly sealed. This helps explain why the exposureresponse relationship is greater in summer (when the air pollution level is low) than in winter (when the air pollution level is high). This is why there is a lesser degree of exposure misclassification in summer than in winter.
Finally, in this study we examined only TSP and SO2, as they are the only two pollutants monitored under GEMS. Because TSP and SO2 may be highly correlated with other pollutants emitted from the same source, we cannot rule out the possibility that TSP and SO2 are simply surrogates for a complex mixture of air pollutants. A more accurate method of assessing the effects of individual pollutants would be human chamber studies, which have been used to assess the acute effects ofshort-term exposure (38) . However, the methods are not feasible for pregnant women. In addition, it has been recognized that the actual composition, physical state, and size distribution of particulates may profoundly affect their toxic action (43) In summary, although the effects of other unmeasured risk factors cannot be excluded with certainty, our data suggest that intrauterine exposure to TSP and SO2, or a more complex pollution mixture associated with these pollutants, contributes to excess risk oflow birth weight in this population.
